T
he laboratory rat represents one of the most comprehensively studied mammals (1, 2) . More than a million publications in a wide range of areas, including development, nutrition, physiology, pharmacology, genetics, microbiology, toxicology, parasitology, and pathology have focused on this mammal. Various qualities of the rat, such as size, fecundity, ease of surgical techniques, tissue sampling, and general laboratory management make it a particularly attractive animal model (1, 2) . However, gene-targeting protocols have not been developed in the rat despite the establishment Ͼ12 years ago of the first transgenic rats by pronuclear injection (3, 4) . This failure results from an inability to derive and culture rat embryonic stem cells that maintain pluripotency (5) . In contrast, gene targeting is well established in the mouse (6) . Expansion of the technology to produce genetically modified rats through the use of stem cells maintained in culture could lead to gene-targeting strategies for the rat and other animals.
An approach not yet studied as a means for transmitting transgenes through the rat germ line is the genetic modification of sperm cell progenitors before differentiation and development. Spermatozoa are produced from spermatogonial stem cells (SSCs) through the developmental processes called spermatogenesis and spermiogenesis (7, 8) . Disaggregated testis cell preparations contain SSCs, as revealed by the rescue of spermatogenesis and spermiogenesis after transplantation into seminiferous tubules of sterile mice or rats (9) (10) (11) (12) . The capacities to renew and to generate mature gametes suggest that rat SSCs could serve as targets for direct genetic modification (13, 14) . Here, methods are developed to enrich for SSCs in vitro, and lentiviral vectors are then used to transduce these stem cells in culture. We demonstrate that the transduced cells can be successfully transferred to WT recipient males, where they subsequently produce mature spermatozoa capable of fertilization.
Methods

Materials and Chemicals.
Porcine pepsin A and 2-mercaptoethanol (ME) were obtained from Sigma. Dispase, rat-tail collagen I-coated culture dishes, mouse laminin, and spectra-mesh were obtained from Fisher. Culture medium, calcium-and magnesium-free heat-inactivated horse serum (HS), and antibioticantimycotic solution were obtained from GIBCO͞BRL. FBS was obtained from Atlanta Biologicals (Norcross, GA); PBS was from JRH Biosciences (Lenexa, KS); protease inhibitors (EDTA-free tablets) were from Roche Molecular Biochemicals. Hoechst 33342 and ethidium homodimer-2 were obtained from Molecular Probes.
Cell Cultures. Testes from 20-to 22-day-old homozygous MT-lacZ (11) or Rosa-EGFP [a germ-line-specific, enhanced GFP (EGFP)-expressing strain developed by J. T. Cronkhite and R.E.H.] Sprague-Dawley rat strains were transferred to plastic culture dishes containing DMEM: Ham's F12 medium 1:1 supplemented with 100 units/ml penicillin G sodium͞100 g/ml streptomycin sulfate͞250 ng/ml amphotericin B (DHF12) under ambient conditions (22-24°C). The tunica albuginea was dissected free of seminiferous tubules and discarded. The tubules then were washed by sequentially transferring them with forceps to fresh culture dishes (35 mm 2 ) containing 6 ml of DHF12 (two dishes), then to one dish containing 6 ml of PBS before being minced with scissors in a fourth culture dish containing 6 ml of a 1 M glycine buffer, pH 7.2 for 5 min (15) . After an additional 5 min of incubation, the minced tubules were suspended in 35 ml of glycine buffer and pelleted by centrifugation at 500 ϫ g. Tubules were washed by suspension in 35 ml of DHF12 containing 8.5% FBS (DHF12-FBS) and then pelleted at 500 ϫ g (procedure for wash steps). After a second wash, tubules were suspended in dispase solution (50 casienolytic units per testis) and digested for 30 min with gentle rocking at 32.5°C. The digest was adjusted to 35 ml with DHF12-FBS, positioned vertically on a G24 environmental shaker (New Brunswick Scientific) set to 220 rpm and agitated for 10 s (22-24°C). The digested tubules were pelleted at 500 ϫ g, washed twice in DHF12-FBS, filtered through 20-m mesh, and washed twice with DHF12 supplemented with 5.5% HS and 2.4% FBS (DHF12-TC). Cells were plated into 10-cm 2 plastic culture dishes at Ϸ2 ϫ 10 5 cells per cm 2 containing 10 ml of DHF12-TC and incubated at 32.5°C, 5.5% CO 2 for Ϸ65 h.
Matrix Selection of Cells. Medium was removed after Ϸ65 h and testis cell cultures were gently washed once with 4 ml of DHF12 and once with 4 ml of PBS. Bound germ cells were harvested from monolayers of adherent somatic cells by repeated pipetting with 4 ml of DHF12. The pooled suspension from five 10-cm 2 dishes was pelleted at 500 ϫ g, suspended in 10 ml of DHF12-TC, Abbreviations: SSC, spermatogonial stem cells; EGFP, enhanced GFP; X-Gal, 5-bromo-4-chloro-3-indolyl ␤-D-galactoside.
filtered through 20-m mesh, transferred to a 10-cm 2 plastic dish coated with collagen I, and incubated at 32.5°C for 4 h. Cells that did not bind to collagen I dishes (Col NB cells) were harvested and pelleted at 500 ϫ g. The Col NB cells were suspended in DHF12-FBS and plated at 0. ) containing DHF12-10% FBS, exposed once to VSV-G-pseudotyped, lentiviral particles (multiplicity of infection ϭ 4.5) produced as described (16) Antibody Production and Purification. Synthetic peptides, DAZL-3 (CSLVTQDDYFKDKRVHHFRR) and DA ZL-4 (CKD-KRVHHFRRSRAVLKSDH), were produced to amino acid residues 269-287 and 278-296 of the mouse DAZL protein (GenBank accession no. U46694). Amino terminal cysteine residues were added to allow conjugation with maleimideactivated keyhole limpet hemocyanin (Pierce). Purified conjugates were used to raise polyclonal antisera in rabbits. Preimmune and immune sera were processed over protein A affinity columns (Hi-Trap, Amersham Pharmacia). Purified IgG fractions from immune sera were further purified by affinity chromatography by using the antigenic DAZL-3 and DAZL-4 peptides (Sulfolink kit, Pierce). All preimmune (PI-3 and PI-4) and immune (anti-DAZL-3 and anti-DAZL-4) IgG preparations were adjusted to Ϸ2 M by protein assay (Bradford, Bio-Rad) and Coomassie blue staining (GelCode Blue, Pierce) on reducing SDS gels. Commercial sources of purified, rabbit IgG (Zymed and Research Diagnostics, Flanders, NJ) served as standards to determine IgG concentrations. Western Blot Analysis. Proteins were extracted from tissues or cultured cells with lysis buffer: 1% Triton X-100, protease inhibitor tablet, 150 mM NaCl, 1 mM EDTA, 10% glycerol, and 50 mM Hepes. Supernatant fluids obtained after centrifugation of lysates at 14,000 ϫ g at 4°C were used for Western blotting. Protein (Ϸ50 g) was separated on SDS gels (10-20% acrylamide gradient, Invitrogen) and transferred to nitrocellulose membranes. Nonspecific, protein-binding sites were blocked by incubating membranes overnight at 4°C in blotting buffer: Tris-buffered saline with Tween-20 (TBST: 10 mM Tris⅐HCl, pH 7.5͞150 mM NaCl͞0.1% Tween-20) containing 5% nonfat dry milk. Membranes were washed three times in TBST and incubated for 1 h at 22-24°C with a 1:1,000 dilution of primary antibody in blotting buffer. Membranes were washed three times in TBST (0.3% Tween-20) and incubated for 45 min at 22-24°C with peroxidase-conjugated, anti-rabbit IgG diluted 1:50,000 in blotting buffer. Membranes were washed three times in TBST; protein bands were detected by using the enhanced chemiluminescence detection method (ECL, Amersham Pharmacia).
Germ Cell Transplantation. WT Sprague-Dawley rats (Harlan Breeders, Indianapolis) at 10-12 days of age were injected (i.p.) with 11.5 or 12.5 mg͞kg busulphan (4 mg͞ml in 50% DMSO) to generate germ cell-depleted males that were used as recipients 12-14 days after treatment. Donor cell suspensions isolated from cultures of testis cells were established from homozygous MTlacZ, or Rosa-EGFP transgenic rats were loaded into injection needles fashioned from 100-l glass capillary tubes and then transplanted into seminiferous tubules of anesthetized rats by retrograde injection through the rete testes (12) . Recipients were analyzed for donor cell colonization by 5-bromo-4-chloro-3-indolyl ␤-D-galactoside (X-Gal) staining of testes (9) and͞or direct visualization of EGFP expression in anesthetized animals after surgical exposure of testes by using a fluorescent Nikon SMZ1500 stereomicroscope. Acquired images were analyzed by color thresholding on blue regions of seminiferous tubules observed after X-Gal staining (17) by using SIMPLEPCI imaging software to determine the area of donor cell colonization per testis.
Derivation of Transgenic Rat Strains. Male recipients from select transplantation studies were paired at 12 weeks of age (Ϸ60 days after transplantation) with WT Sprague-Dawley rats of similar age. Genotypes of all pups born were verified by Southern analysis (18) and RT-PCR by using rat-tail genomic DNA to determine the presence of the MT-lacZ and͞or lentiviral EGFP reporter genes. DNA was digested with the restriction endonucleases NcoI and͞or BamHI, which cut within each transgene at single sites on the 5Ј side of sequences used for probes (see legend to Fig. 5) . The relative MT-lacZ transgene copy number in the F 2 progeny was determined by dot blot hybridization of probe (lacZ ORF) to DNA spotted on Hybond N ϩ membranes (Amersham Pharmacia). Concentrations for DNA samples were determined by using PicoGreen reagent (Molecular Probes).
Results
Isolation of Germ Cells from Testis Cell
Cultures. Spermatogenic cells were purified from primary cultures by using established methods. Antisera generated to the germ-line-specific gene product, DAZL, was used to distinguish spermatogenic cells from somatic cells (19, 20) . The antisera selectively labeled all germ cell populations in testis sections from young rats (Fig. 1A) . In (Fig. 3A) that was subsequently tested in vivo for spermatogenic stem cell activity.
Recipient Males Generate a High Proportion of Pups from Donor Cells.
The Col NB population contained cells that displayed spermatogenic developmental capacity after transplantation to seminiferous tubules of WT rats (Table 1) . Crosses between males transplanted with the Col NB cells and WT females indicated n.a., not analyzed; n.i., testis not injected with donor cells; n.p.b., no pups born. R, right testis; L, left testis. LvTg, lentiviral transgene. *Recipients R41, R43, and R45 were treated with 12.5 mg͞kg of busulphan at 12 days of age and used as recipients at 25 days of age. R42 and R44 did not survive after the first week after the transplantation protocol. R51-R53 were treated with 11.5 mg͞kg of busulphan at 10 days of age and used as recipients at 23 days of age. † Plus signs (ϩ) score relative green fluorescence (EGFP expression) observed in the right testes of R51-R53. Left testes of R51-R53 were not injected with donor cells.
that donor haplotypes were transmitted to 41 of 77 pups (n ϭ 10 litters; Table 1 ). Hemizygous F 1 progeny from donorderived spermatozoa appeared normal, expressed ␤-galactosidase in testes (Fig. 4A) , and transmitted the MT-lacZ gene at Mendelian ratios to the F 2 progeny (48 pups, 4 litters; 21% Ϫ͞Ϫ, 52% Ϫ͞ϩ, 27% ϩ͞ϩ). Thus, SSCs isolated after Ϸ3 days in culture as the Col NB population developed into mature, functional spermatozoa.
Enrichment of SSC Activity from Testis Cell Cultures. The SSC activity in the Col NB population was enriched by selection on culture dishes coated with laminin. Selection of Col NB cells on a laminin matrix provided two distinct germ cell populations: cells that bound to laminin (Lam B ) and cells that did not bind (Lam NB ) (Fig. 3A) . The Lam B population was 97 Ϯ 1% DAZL ϩ ͞vim Ϫ ( Fig. 3 A and B) and consisted of single or paired cells representing 4.7 Ϯ 1% of the total Col NB suspension (Fig. 4B) . The Lam NB cells were 98.7 Ϯ 0.2% DAZL ϩ ͞vim Ϫ ( Fig. 3 A and C) and Ϸ20 times more abundant than the Lam B cells within the Col NB population (Fig. 4B) . Based on the detectable area of donor cell colonization per rat testis (X-Gal staining), the Lam B population was enriched Ϸ30 fold for SSC activity when compared with the same number of Lam NB cells transplanted per testis (Fig. 4B) . Testes receiving Ϸ10
5
Lam B cells per testis showed a similar extent of X-Gal staining as rats receiving 20ϫ the number of Col NB cells per testis (Fig. 4B) , a level capable of transmitting the donor transgene to over 50% of progeny (Table  1) . Further, Lam B cells from Rosa-EGFP transgenic rats maintained apparent stem cell activity for 4 additional days after isolation when cultured with STO fibroblasts, equaling a total of 7 days in culture (Fig. 4C) . Rosa-EGFP rats express high levels of EGFP specifically in the germ line (J. T. Cronkhite and R.E.H., unpublished data). Thus, based on differential expression of DAZL and vimentin, two relatively pure germ cell populations were obtained by selection of testis cells on plastic, collagen-I, and laminin. The spermatogenic potential and degree of purity of the Lam B cells provided a population of spermatozoal progenitors for testing in gene delivery studies (Fig. 4D ).
Germ-Line Transmission by Lentivirus-Transduced SSCs from Culture.
To determine whether cells within the Lam B population could be genetically modified and used to produce transgenic rats, cells were transduced in culture on laminin matrix with VSV-Gpseudotyped lentiviral vector (16) , then transplanted to a single testis in each of three recipient rats. The proviral EGFP-reporter gene was expressed in the seminiferous tubules of all three recipient testes ( Fig. 5A ; Table 1 ). Two recipients, R51 and R53, did not produce litters after pairing with female rats, which correlated with low levels of donor cell colonization per testis (Table 1) . One recipient, R52, did regain fertility Ϸ100 days after transplantation and sired four litters with four different WT females (Table 1 ). In total, 26 of 44 pups were positive for the lacZ transgene by Southern analysis, confirming derivation from donor, Lam B cells (Table 1) . One (eight pups) or two copies (five pups) of the lentiviral transgene were transmitted per haploid genome to 13 of 26 F 1 pups (Fig. 5 B and C) , which further transmitted viral integrants to Ϸ50% of F 2 progeny (Fig. 5D) . Expression of EGFP could be visualized in the skin of only one transgenic rat (Fig. 5E) , a finding consistent with weak expression of transgenes under the control of the CMV promoter in animals transduced by this vector type (22) . Thus, by transplantation of Ϸ10 5 lentivirus-treated, Lam B cells into a single testis, 59% of progeny were from donor cells, of which 30% were newly derived strains of transgenic rats (Table 1) . 
Discussion
Here, male rat germ cells were efficiently transduced in culture by a VSV-G-pseudotyped, HIV-1-based self-inactivating vector. A recent report also demonstrated that mouse male germ cells can be transduced in culture by lentiviral vectors (23) . Transgenic mice and rats have been produced by using zygates and preimplantation embryos transduced with this vector type (6, 28) . The direct modification of the genome in the rat germ line by lentiviral-based vectors enabled multiple transgenic rat strains to be produced from a single recipient͞founder, with each strain defined by a unique site of viral integration. The potential to generate rats containing viral integrations in biologically important genes provides a prospective genetic approach for gene disruption that has been successfully developed in organisms such as the fly, zebra fish, and the mouse (24) (25) (26) . To be of consequence, such methods must be relatively simple and yield a high number of progeny carrying integrations at different genomic sites. Restriction-map analysis indicated that all 13 transgenic pups from recipient R52 contained viral integration sites at different genomic locations (Fig. 5C) . Thus, lentiviral vectors designed for current gene-trap technology could be used to transduce the Lam B stem cell population as a strategy for disruption of genes in the rat (27) .
We also show that rat germ-line stem cells can be apparently enriched through selection on plastic, collagen-I, and laminin. The germ cells that bind to a laminin matrix appear to be predominantly stem cells based on their ability to colonize a recipient male testis (9, 10) . Furthermore, we show that these cells retain apparent stem cell function after 7 days in culture (Fig. 4C) , and that they can efficiently transmit transgenes through the germ line to F 1 generations when cultured for 4 days (Fig. 5B) . Four to 7 days in culture provides a window of time for selection of drug-resistant Lam B cells in vitro after their transduction or transfection with DNA-targeting constructs, a method similar to that used for gene disruption in mouse embryonic stem cells (6) . Thus, spermatozoa developing from the selected populations could directly transmit targeted genomic modifications.
The procedure reported here for producing transgenic rats is relatively easy, requiring only the germ-line culture selection method, the appropriate lentiviral vectors, and subsequent transfer of transduced cells to recipient males. About 30% of pups obtained from a recipient male͞WT female cross carry a lentiviral-transduced gene, with integrations in each pup at a different genomic site. The integrations are stable and are transferred to the F 2 generation at the expected frequency of 50%.
